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Abstract 
Activated Carbon (AC) materials was selected as suitable adsorbent for the carbon dioxide (CO2) capture and a numerical 
analysis was carried out to study the rate of adsorption of the gas on ACs. A one dimensional mathematical model was proposed 
based on the Dubinin’s Theory of Volume Filling of Micropores, and analyzed along with the unsteady heat transfer. A 
parametric analysis was carried out to study the effect of various crucial parameters like radius of bed, cooling fluid temperature, 
initial bed temperature and heat transfer coefficient on the adsorption amount. The results show that lower bed radius was ideal 
for obtaining high amount of CO2 adsorbed assuming constant packing density. Also, a high heat transfer coefficient up to 100 
Wm-2K-1 and low cooling fluid temperature of 283 K was necessary for speeding up the process. High initial bed temperature 
also supports greater adsorption amount under the same conditions. 
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1. Introduction 
Large scale development of modern civilization has led to very fast depletion of fossil fuel energy resources. 
Especially the exponential increase in consumption of fossil fuel has resulted in emission of CO2 in a huge quantity. 
Severe environmental issues like global warming and climate change are the result of emissions from fossil fuel   
 
 
* Corresponding author. Tel.:+91-7324-240-730; fax: +91-7324-240-761. 
E-mail address: anil@iiti.ac.in 
© 2014 E. Anil Kumar. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Selection and peer-review under responsibility of Organizing Committee of ICAER 2013
 Reema Saxena et al. /  Energy Procedia  54 ( 2014 )  320 – 329 321
Nomenclature 
A Polanyi’s adsorption potential (A = RT ln (Ps/P)) 
Cp specific heat (Jkg-1K-1) 
hf wall heat transfer coefficient (Wm-2K-1) 
k thermal conductivity of bed (Wm-1K-1) 
L bed length (m) 
P inlet pressure of CO2 (bar) 
Ps saturation pressure at inlet stream temperature (bar) 
R universal gas constant (Jmol-1K-1) 
r radius of reactor bed (m) 
r0 outer radius of reactor bed (m) 
T gas temperature (K) 
T0 center wall temperature (K) 
Ts surface wall temperature (K) 
T∞ cooling fluid temperature (K) 
t time (sec) 
Vm molar volume (m3) 
W amount of adsorption at a relative pressure (P/Ps) (m3g-1) 
W0 saturated amount of adsorption (m3g-1) 
 
Greek Symbols 
 
β scaling factor 
Δr change in radius (m) 
Δt time step (sec) 
ρ packing density (kgm-3)  
 
consumption [1,2]. In fact, every year over 30 billion tons of CO2 is released to the atmosphere [3]. Moreover, the 
problems like urban smog and acid rain may have CO2 as one of the root causes [4]. In around 164 years (1850 to 
2013) from the beginning of industrial revolution, the average atmospheric concentration of CO2 has shown an 
increase from 280 to 397 parts per million (ppm) resulting in increase in global average temperature by 0.6 to 10C in 
this period [5]. The International Panel on Climate Change (IPCC) estimates that, average CO2 concentration may 
rise to 570 ppm by the year 2100 causing a rise of about 1.90C and 3.8 m in the global average temperature and mean 
sea level respectively [6]. CO2 capture and sequestration (CCS) has emerged as a solution offering a way of usage of 
fossil fuels while reducing CO2 emissions by 85% or more. Albeit CCS cannot alone solve the problem of climate 
change, it will definitely prove to be one of the powerful tools to address the issue [7].  
 
       CCS is actually a suite of technologies to carry out three step operations: capture of CO2 emitted from industrial 
and energy-related sources before or after combustion, compressing and separating it, transport to a storage site and 
injecting it deep underground in secure geological formations, its disposal by a method that will ‘permanently’ 
isolate it from the atmosphere. There are three approaches to CO2 capture: pre-combustion, post-combustion and 
oxy-fuel combustion [8]. Existing combustion technologies can be continued to be used with post combustion 
capture, thus giving an option of implementing post combustion capture easier to implement as a retrofit option (to 
existing power plants) compared to the two other approaches [9]. Till date, several post combustion gas separation 
and capture technologies have been investigated viz., (a) absorption, (b) adsorption, (c) cryogenic separation, (d) 
membrane separation and (e) micro algal bio fixation. Adsorption is considered as a competitive solution. It shows 
the advantages like reduction in cost of CO2 capture, increased CO2 carrying capacity, lower regeneration energy 
requirements, faster reaction rates and minimum pressure drop. Reduction in cost of CO2 capture by using 
adsorption technique was recently reported by Songolzadeh et al. [10]. 
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        While designing a new adsorption process, one of the most crucial steps is selection of proper adsorbent. For 
adsorption, a material is required to adsorb CO2 from a mixture of gases. AC materials have found place as a sorbent 
in a wide range of industrial applications such as fire extinguisher, enhanced fuel and oil recovery, beverages, 
extractant and urea production. Their properties like high porosity, high surface area, high surface reactivity, wide 
availability and comparatively low cost makes these materials a suitable adsorbent for post-combustion CO2 capture 
[11]. ACs has a high adsorption capacity at atmospheric pressures and exhibit hydrophobicity. Adsorption with ACs 
at atmospheric pressure is a useful technology for post combustion CO2 capture as well as for separation of CO2 
from CH4/CO2 or H2/CO2 mixtures to obtain a stream of high pure methane or bio-hydrogen respectively. CO2 
adsorption performance of ACs is determined by their pore structures and the properties of the surface chemistry 
[11,12]. 
 
        In the present study, adsorption was chosen as the preferred technique for CO2 separation due to its relative 
simplicity and low cost. AC material was selected as adsorbent for CO2 separation and a numerical analysis was 
carried out to study the adsorption of CO2. A one dimensional (axi-symmetric) cylindrical reactor was considered 
and the effect of various crucial parameters like bed radius, cooling fluid temperature, initial temperature of the bed 
and heat transfer coefficient on the adsorption of CO2 was studied. 
2. Problem Formulation and Solution Methodology 
2.1. Physical Model 
 A single-column adsorption device was considered in the present study to measure CO2 sorption at temperature 
range of To (40 - 100°C) of incoming stream on the sample of AC. Figs. 1(a) and 1(b) were schematic drawing of 
the apparatus. Since the study was one dimensional (radial variations), the adsorption column diameter (D) was 
considered while taking packing density of AC in the bed to be uniform throughout at all conditions. AC material 
evenly packed inside the adsorption column forms the reaction bed where CO2 was adsorbed at low pressures. The 
walls of the cylinder were surrounded by coolant (T∞) to facilitate the dissipation of heat released by adsorption and 
flow of stream containing CO2, N2, SO2 and H2O was considered at the inlet. The mathematical model was 
developed on the basis of the following typical assumptions: 
1. Variation of porosity with adsorption was negligible inside the bed. There was no swelling of the solids. 
2. Thermo-physical properties of both the gas and solid phases were constant.  
3. Local thermal equilibrium exists between the gas and solid. The gas velocities in the bed were small. Hence, the 
gas and solid phase have sufficient time to attain equilibrium. 
4. Carbon dioxide acts like an ideal gas inside the bed. 
5. Natural convection and radiation effects were neglected. 
6. CO2 pressure within the bed was uniform (at any given instant; no radial variations). 
7. Cooling fluid temperature was taken to be constant throughout the process with convection occurring for 
cooling of the bed. 
8. Other gases in stream have a very low ppm hence no effect on the adsorption of CO2 by AC. Sorption capacity 
of AC towards moisture was very low. 
2.2. Kinetic Model for ACs 
 Dubinin’s theory for the volume filling of micropores, which was originally developed for the adsorption of 
single vapor by micro-porous solids, was used in this study for kinetic modeling of CO2 adsorption by AC. 
Dubinin’s theory is expressed by the Dubinin-Radushkevich (D-R) equation as [13]: 
 
2
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where A is the thermodynamic potential or Polanyi’s adsorption potential, Eo is the characteristic energy of the 
adsorbent, β is a scaling factor depending on the adsorbate-adsorbent interaction in the present case was taken as 
0.36 [14,15].  
2.3. Energy Balance 
      Adsorption of CO2 on AC was exothermic process. Heat released in this process has to be removed to nullify the 
temperature changes across the bed. Cooling was provided at the outer wall to remove the heat of adsorption. The 
energy balance equation was shown below. It assumes that the local thermal equilibrium exists between the gas and 
liquid phase i.e. the temperature of the gaseous phase and the bed was assumed to be the same at any point of time. 
Radiation heat transfer to the ambient has been neglected. qo is the heat of physi-sorption of CO2 on activated carbon 
which contributes to the source term '''q .  
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P
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(Heat generation '''q (Jm-3s-1): a function of temperature and time) 
Boundary Conditions: 
1. Initially the temperature and pressure of the bed were considered as uniform: 
T(r, z, t = 0) = To    P(r, z, t = 0) = Po 
2. Pressure was a function of time with
2
P P P P
P 1 0 1 2 n
CO
T T T ............TP R
n 1
 § ·   U ¨ ¸© ¹
; it will be constant throughout 
the bed at any given instant 
3. Assuming no slip conditions at reactor walls and convective heat flow;  
 
 
 f sTk h T Tr f
w  w  
4. Considering symmetry about z-axis; 
              r 0,t 0
T 0
r  !
w  w  
Mixture of 
CO2, N2, SO2 
and H2O 
Coolant 
Adsorbent 
r = 0 (Axi-Symmetric) 
D 
T∞, h (Cooling fluid) 
Fig. 1(a) Physical model of adsorption system Fig. 1(b) Side view of the reactor bed 
 (2) 
at r = R and t > 0 
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2.4. Solution Through Discretization of Equations 
       Solving simultaneous Eqs. (1) and (2), a mathematical model was proposed which represents the amount of CO2 
adsorbed per kg adsorbent per unit time. This was further analyzed by varying the operational parameters and an 
optimized set of values showing the highest adsorption capacity and rates both. By using the finite volume method, a 
set of discretized equations was obtained [16]. Applying energy balance to the control volume for central, internal 
and surface nodes as shown in Figs. 2, 3 and 4 one can obtain: 
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2.4.2. Internal Node Equation 
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(3) 
Fig. 2 Control Volume for central node To (r = 0) 
 (4) 
Fig. 3 Control volume for internal node Tm (1< m< n-1) Fig. 4 Control volume for surface node (Ts) 
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2.4.3. Surface Node Equation 
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As can be seen from the above three equations, the explicit method was used for solving the discretized equations. 
To get stability of results, a time step ∆t = 0.01 sec was taken while computing the temperature at different nodes 
along the radius at different time. 
3. Results and Discussion 
     In the present work, adsorption was chosen as the preferred technique for CO2 capture. AC material was selected 
as adsorbent and a numerical analysis was carried out to study the rate of adsorption of CO2 on ACs. A one 
dimensional mathematical model was proposed based on the Dubinin’s theory of volume filling of micropores, and 
analyzed along with the transient heat transfer. A parametric analysis was carried out to study the effect of various 
parameters on CO2 adsorption capacity as given through Eqs. (1)-(5). The value of constants used in these equations 
was given in Table 1 and Table 2. Following results was obtained for AC based adsorbent reactor bed using the 
Dubinin-Radushkevich kinetic rate model. 
3.1. Validation of Kinetic Model 
       Fig. 5 shows the variation of adsorbed volume with the pressure. There is an increase in volume adsorbed with 
increase in pressure. The adsorption capacity is directly proportional to the surface area exposed and is dependent on 
the partial pressure and temperature, thus higher the surface area of AC, more moles of adsorbate is adsorbed. This 
is due to the fact that the adsorption is an exothermic process. It can also be seen that the amount of CO2 adsorbed 
on AC decreases with the increase in temperature. It meant that the adsorption of CO2 is mainly physical adsorption. 
It can be observed that the theoretical and experimental results are in good agreement. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(5) 
Fig. 5 Comparison of theoretical and experimental results for stream at 40°C and 0-1 bar  
(Experimental values: Chang et al., 2006 [17]) 
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3.2. Radial Variation of Temperature and CO2 Adsorption Quantity 
  Figs. 6 and 7 illustrate the spatial variation of temperature and adsorption amount respectively. The operating 
conditions were: Initial Temperature of bed = 353 K, Cooling fluid temperature = 283 K, Heat Transfer Coefficient 
= 150 Wm-2K-1 and Radius = 0.15 m. 
 
       It can be observed from the above figures that temperature reduces along the radius of the reactor. Due to the 
cooling provided at its outer wall. The heat was conducted from the core of the reactor towards the outer wall 
resulting in maximum temperature at the center node. Therefore, the amount of CO2 adsorbed was maximum at the 
outer wall as the CO2 adsorption was inversely proportional to temperature. Also the rate of adsorption was more as 
we move outwards radially which also justifies the fact that amount adsorbed increases outwards because portion of 
the bed close to the wall takes lesser time to saturate due to higher adsorption rate. The results of Figs. 6 and 7 
together imply more CO2 adsorbed at any given time for lower bed radius. 
3.3. Parametric Analysis 
       Fig. 8 describes the effect of the bed radius on the CO2 adsorption for inlet bed temperature of 80°C and cooling 
fluid temperature of 10°C. The maximum quantity of CO2 adsorbed does not vary significantly while changing the 
radius. Although, the time to reach the equilibrium increases as the bed radius was increased. This effect may be 
explained considering the fact that bed with lesser radii facilitates faster heat conduction. At any given time, the 
lower bed radius would have cooled down more than the one with more radii. 
 
       Fig. 9 presents the effect of the heat transfer coefficient of bed on the CO2 adsorption for inlet bed temperature 
of 80°C and cooling fluid temperature of 10°C. As the heat transfer coefficient increases, the heat transfer from the 
core to the wall occurs faster. As a result, maximum adsorption state was reached faster for higher ‘h’ values. Also, 
it was observed that amount adsorbed does not increase significantly after h = 100 Wm-2K-1. Since the thermal 
conductivity of AC was low, bed fails to conduct the heat effectively even though h was high, resulting in increased 
bed temperatures and reduced adsorbed amount at any given time. 
 
       Fig. 10 depicts the effect of the cooling fluid temperature on the CO2 adsorption for inlet bed temperature of 
80°C and cooling fluid temperature of 10°C. For higher cooling fluid temperature values, the heat was dissipated 
faster with more adsorbed CO2 at any given time due to the lower average bed temperatures. 
Parameter Activated Carbon (AC) Carbon Dioxide (CO2) 
Density (Kgm-3) 530 1.98 
Specific heat (JKg-1K-1) 0.92  
Effective thermal conductivity (Wm-1K-1 ) 0.25  
Diffusivity (m2s-1)  5E-7 
Heat of adsorption  (kJmol-1) 15  
Universal gas constant (Jmol-1K-1) 8.314  
Characteristic Energy (kJmol-1) 25  
Scaling Factor  0.36 
Limiting amount adsorbed (mol) 0.000755  
Saturation Pressure (bar)  1.1 
Inlet Pressure of CO2 (bar) 0 - 1  
Parameter Range  
Initial temperature of bed T0* (K) 313 - 373 
Diameter of the bed D* (m) 0.15 – 0.70 
Cooling fluid temperature Tf* (K) 273 - 303 
Heat transfer coefficient h* (Wm-2K-1) 50 - 250 
Table 1. Thermo Physical Properties of AC and CO2 
Table 2. Operational Parameters (* represents variable quantities) 
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        Fig. 11 investigates the effect of the initial bed temperature on the CO2 adsorption for h = 150 Wm-2K-1 and 
cooling fluid temperature of 10°C. As already stated in the assumptions in section 2.1, local thermal equilibrium was 
considered between the solid and gas phase. Therefore, the above variations were applicable to the inlet flue gas 
stream temperature also. It can be observed that for higher initial temperatures, the maximum amount of CO2 
adsorbed was more, though negligible differences exist. The time to reach that state was almost the same in all cases 
depicting that the heat transfer process occurs at the same average rate. 
Fig. 6 Radial Variations of Temperature Fig. 7 Radial Variations of Adsorption Quantity 
                         (molkg-1 of adsorbent) 
Fig. 8 Variation of CO2 adsorption with time for 
different radii  
Fig. 9 Variation of CO2 adsorption with time for 
different heat transfer coefficient 
Fig. 10 Variation of CO2 adsorption with different 
cooling fluid temperature 
Fig. 11 Variation of CO2 adsorption with different 
initial bed temperatures  
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4. Conclusions 
    This work is an exploratory study of ACs used for CO2 capture. The AC shows a better potential as a CO2 
adsorbent. CCS is a relatively new concept aiming to protect the environment from degradation while making sure 
that the world’s heavy dependence on the conventional energy resources is not compromised. A one dimensional 
numerical analysis was carried out with a cylindrical reactor bed packed with AC, and the mixture of CO2, N2, H2O 
and SO2 entering from one side. The conclusions are summarized as follows: 
1. The adsorption model (rate as a function of temperature and pressure) for AC is best described by Dubinin’s 
Theory of Volume Filling of Micropores. 
2. Lower reactor bed radii were preferred to minimize the time required to reach the maximum adsorption state 
although the CO2 adsorbed does not have significant differences. Hence, a bed diameter of D = 30 cm was 
selected. 
3. Higher heat transfer coefficient results in faster adsorption as well as higher amount of CO2 adsorbed. But 
after h = 100 Wm-2K-1, the maximum amount adsorbed tends to be the same. Hence, a heat transfer 
coefficient of h = 150 Wm-2K-1 was selected. 
4. Lower cooling fluid temperature results in faster adsorption. Hence, a value of 10°C was selected for the 
operation. 
5. Higher initial bed temperature results in greater amount of CO2 adsorbed with the steady state being reached 
in same time. It leads to the selection of To = 353K as the preferred value. Although, temperature should not 
be increased to a level which tends to degrade the material of the reactor bed.  
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